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Objectives We tested a newly developed 4-dimensional (4D) right ventricular (RV) analysis method for computing RV
volumes for both 3-dimensional (3D) ultrasound (US) and magnetic resonance (MR) images.
Background Asymmetry and the anatomical complexity of the RV make accurate determination of RV shape and volume
difficult.
Methods Thirty patients, 14 with grossly normal cardiac anatomy and 16 with major congenital heart disease, were stud-
ied at the same visit with both 3D echocardiography (echo) and magnetic resonance imaging (MRI) for RV size
and function. Ultrasound images were acquired on a Philips 7500 system (Philips Medical Systems, Andover,
Massachusetts) with a matrix-array transducer (real-time 3D echo) with full volume sweeps from apical and sub-
costal views. Sagittal, 4-chamber, and coronal views were derived for contour detection (all 12 to 24 slices). The
MR images were acquired with a 3-T MRI magnet with segmented cine-loop gradient echo sequences in short-
and rotated long-axis views to cover the RV inflow, body, and outflow tract. The RV volumes were analyzed with
the new software applicable to 3D echo MR images.
Results New software aided delineation of the RV free wall, tricuspid valve, RV outflow tract, and apex on 3D echo vol-
umes. Although there was a slightly higher variability measuring right ventricular ejection fraction (RVEF) and
volumes obtained by US compared with MRI, both imaging methods showed closely correlated results. The RVEF
was measured with 4% variability for US and 5% variability for MRI with a correlation coefficient of r  0.91. The
RV end-diastolic volume was measured at 70.97  15.0 ml with 3D US and at 70.06  14.8 ml with MRI
(r  0.99), end-systolic volume measured 39.8  10.4 ml with 3D US and 39.1  10.2 ml with MRI (r  0.98).
Conclusions The new RV analysis software allowed validation of the accuracy of 4D echo RV volume data compared with
MRI. (J Am Coll Cardiol 2007;50:1668–76) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2007.07.031R
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occurate quantification of right ventricular (RV) volume
nd function has remained clinically challenging despite
dvances in cardiac imaging. Assessing RV function re-
ains difficult because of the fundamental complex struc-
ural geometry of the RV. The RV is composed of several
natomic and functional subunits extending from the tri-
uspid valve annulus to the proximal os infundibulum (right
entricular outflow tract [RVOT]), then extending from the
rom the *Oregon Health & Science University, Portland, Oregon; and †TomTec
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Manuscript received March 13, 2007; revised manuscript received June 26, 2007,
ccepted July 2, 2007.VOT to the pulmonary valve as well as the RV body
xtending to the apex (1–3). Data from embryological
bservations suggest, however, that the RV infundibulum
nd RV sinus are distinct areas evolving from distinctly
ifferent parts of the embryonic heart (4,5). Electrophysi-
logic studies indicate that the activation of the RVOT
ccurs relatively late in systole, possibly being the latest
ctivated area in the heart (6).
Although cardiac magnetic resonance imaging (MRI)
s considered the gold standard in the evaluation of RV in
he adult population (7,8), 3-dimensional (3D) echocar-
iography (echo) should be applicable for quantification
f RV volumes, stroke volumes (SV), and ejection frac-
ion (EF). Three-dimensional ultrasound (US), as a tool
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October 23, 2007:1668–76 3D Echo RV Measurements Validated by 3-T MRIor volumetric assessments of the fetal and adult heart,
as shown consistent results to validate cardiac measure-
ents (9,10). More recently, rapid acquisition real-time
-dimensional echocardiography (RT3DE) has provided
he opportunity for functional studies (11).
Our study was designed to evaluate the anatomic shape and
unction of the RV with a new 3D RV analysis tool evaluating
V volumes and EF, including children with congenital heart
isease (CHD) and basically healthy adults as well as adults
ith coronary heart disease. Our goal was to image the RV
ith 3-T MRI with a robust multiplanar acquisition protocol
nd then to use the data as a gold standard for assessing RV
olume, EF, and SV by RT3DE.
ethods
he patient group consisted of 30 patients with either
rossly normal cardiac anatomy (14 patients) or CHD (16
atients) (tetralogy of Fallot, transposition of the great
essels, post-Mustard, atrial septal defect [ASD], ventricu-
ar septal defect [VSD]) studied at the same visit with both
D US and MRI imaging to assess RV size and function
Table 1). The mean age was 39  22 years SD in the
dult group and 9  6 years SD in the CHD group. All
HD patients underwent cardiac MRI also for clinical
urposes, whereas most of the adult patients were volun-
eers undergoing cardiac MRI and 3D US for study
urposes only. No patient of the adult population was
edated, but all children underwent some degree of
onscious sedation, which was administered for the MRI
ut continued to be effective during 3D US acquisition.
emographic Data of All 30 Patients Undergoing 3D US and MRI o
Table 1 Demographic Data of All 30 Patients Undergoing 3D U
Pediatric
Age Diagnosis Height (cm) Weight (lb)
Heart Ra
(beats/m
Female
4 months ToF 52 20 134
14 months CoA 64 38 115
15 months AV canal 61 39 124
6 yrs ToGA 98 57 100
14 yrs VSD 172 117 67
16 yrs VSD 167 118 64
Male
6 months ToGA 56 28 126
18 months 69 47 118
2 yrs ToF 54 48 115
3 yrs ToF 80 59 108
7 yrs TA 109 94 94
8 yrs VSD 106 76 89
11 yrs CoA 114 83 78
12 yrs PDA 123 87 97
12 yrs ASD 118 74 87
15 yrs VSD 169 105 62D  3-dimensional; ASD  atrial septal defect; AV canal  atrioventricular canal defect; CAD  coronary
maging; PDA patent ductus arteriosus; RV right ventricle; TA truncus arteriosus; ToF tetralogy of Fhe research protocol was ap-
roved by the Oregon Health
Science University Institu-
ional Review Board; patients
nd volunteers enrolled in the
tudy after they signed an in-
ormed consent.
All US images were acquired
ith a Philips 7500 US 3D sys-
em (Philips Medical Systems,
ndover, Massachusetts) and
ull matrix-array 3D transducer
n a full volume sweep from api-
al or subcostal views covering
he entire RV. The MRI acqui-
ition was performed as a gold
tandard comparison in a series
f cine loops taken at short axis
overing the RV from the atrio-
entricular valve plane to the apex;
ong-axis views parallel to the interventricular septum in the
V to define the tricuspid valve, and rotated long-axis views to
over the RVOT as well as the tricuspid valve annulus. These
pecific multiplanar short- and long-axis magnetic resonance
MR) images were acquired to cover the RV body, apex,
utflow tract, and tricuspid valve area in all subjects to serve as
n anatomic gold standard for RV size and function compar-
son. Only views covering the complete RV body, RVOT, and
ricuspid valve were included for analysis.
All MRI studies were performed with a Philips 3-T
Philips Medical Systems) MR scanner. An electrocardio-
RV
MRI of the RV
Adult
Age Diagnosis Height (cm) Weight (lb)
Heart Rate
(beats/min)
23 yrs ASD 162 98 89
27 yrs None 158 124 53
36 yrs None 163 175 60
54 yrs None 164 126 110
57 yrs None 160 110 76
69 yrs HTN/CAD 174 240 93
29 yrs VSD 167 178 73
29 yrs None 172 146 68
37 yrs None 176 171 81
38 yrs None 166 183 71
40 yrs HTN 168 200 125
44 yrs None 165 125 69
47 yrs None 185 170 59
52 yrs HTN 168 155 74
Abbreviations
and Acronyms
3D  3-dimensional
CHD  congenital heart
disease
echo  echocardiography
EDV  end-diastolic volume
EF  ejection fraction
ESV  end-systolic volume
MRI  magnetic resonance
imaging
RV  right
ventricle/ventricular
RVOT  right ventricular
outflow tract
SV  stroke volume
US  ultrasoundf the
S and
te
in)artery disease; CoA  coarctation of the aorta; HTN  hy
allot; ToGA transposition of the great arteries; US ultrapertension; MRI magnetic resonance
sound; VSD ventricular septal defect.
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3D Echo RV Measurements Validated by 3-T MRI October 23, 2007:1668–76ram (ECG)-triggered gradient echo cine sequence (repe-
ition time 50 ms, echo time 12 ms, flip angle 60°) was used
o acquire all images in contiguous 5- to 8-mm slices from
he tricuspid valve plane in short-axis to the RV apex, and
rontal views were obtained from the chest wall to the mid
eft ventricle, allowing a reproducible acquisition of the
eart for comparison between patients and for serial studies
f the same patient. Also, phase-encoded velocity MRI
equences perpendicular to the RVOT and pulmonary
rtery were assessed in 17 patients so that MRI RV SV
ould be further verified by another method that was not
olumetric. This multiplanar MRI sequence was used as a
old standard reference for obtaining RV volumes and
hapes, by 3D echo (12).
The US was performed in each patient after the MRI.
he ECG, respiratory rate, and blood pressure were re-
orded throughout the imaging process for quantitative
valuation of MRI and echo data, which was undertaken
ith a prototype TomTec (Unterschleissheim, Germany)
-dimensional (4D) RV analysis software program at an
ndependent computer work station, which was compat-
ble with Microsoft-based computers. All 3D US data
ere imported and analyzed in a full volume set; all
mages were viewed in sagittal (to outline the tricuspid
Figure 1 Anatomical Right Ventricular Analysis
The right ventricular analysis program displays 3-dimensional ultrasound images in
4-chamber (middle), and coronal (bottom) views in systole (left) and diastole (rigalve in the best possible view), 4-chamber (to outline the
pex), and coronal (to outline the RVOT) views, in the
est possible view containing a full volume set. The RV
olumes were calculated by summing the areas for each
lice through the complete volume data set. Each volume
ata set was imported into the application and manipu-
ated by rotating, angulating, and slicing in any of the 3
isplayed orthogonal planes, which would simultaneously
eset views in the other 2 planes. A central reference
oint could be selected by moving through any plane.
econdary rotation was possible. In this way, the clearest
ossible views were obtained to start the full volume
nalysis. Contrast, zoom, shading, and color were used to
mprove delineation of the endocardium. The RV anal-
sis program displayed 3D US as well as MR images in
agittal, 4-chamber, and coronal views for semiautomatic
ontour detection (Figs. 1 and 2). The software analysis
sed a semiautomated border detection algorithm with
anual correction options based on in vivo normal as well
s pathologic RV modeling that was performed to design
his program.
The computer-aided analysis for 3D echo combines 3D
ull volume sweep, US tissue, and the geometric information
mbedded in a 3D data set to create a surface geometry
tal (top),
lowing manual tracing and adjustments in all planes.sagit
ht), al
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October 23, 2007:1668–76 3D Echo RV Measurements Validated by 3-T MRIy 3D. The end-diastolic and end-systolic frames were
hosen in all views by visual inspection of cine loops.
lthough tracing was done in 1 plane, the software recon-
tructed the traced points in orthogonal planes. Measure-
ents were made on the original full volume echo images
nd not from a reconstructed model. The endocardial
order of the RV was outlined at end-diastole and at
nd-systole at all levels; 3D images were then constructed
ith the possibility for manual correction of all frames of the
ycle. In all RV 3D images, volume and EF could also be
ssessed in systole and diastole. Endocardial traces in each
lice extended from the interventricular annulus to the
entricular outflow tract. The interventricular septum was
xcluded from RV volume assessments. Trabeculations were
ncluded in the endocardial rim, but the apical component
Figure 2 Analysis of Right Ventricular Magnetic Resonance Im
The magnetic resonance images are displayed similarly in sagittal (top), 4-chambe
coronal (bottom) views, in systole (left) and diastole (right) to allow manual tracif the RV moderator band was excluded from the cavity. pMeasurements for end-diastolic volumes (EDV), end-
ystolic volumes (ESV), and SV were obtained with the
ame TomTec program that was adapted to be applicable to
R images. In addition, all RV MRI data were analyzed
nd compared with a standard Simpson RV MRI disk
ummation method by measuring the RV free wall area in
ach short axis slice by manually outlining the epicardial and
ndocardial boarders. Volumes were calculated by summing
he areas for each slice multiplied by slice thickness.
Further phase-encoded velocity MRI data for RV SV as
ulmonary artery forward flow was computed at the Philips
RI workstation in 17 patients and compared with the SV
easures obtained with 3D US by the TomTec 4D RV
ethod.
tatistical analysis. The mean  SD obtained for each
dle), and
adjustments in all planes.ages
r (mid
ng andarameter in the adult and CHD group with MRI and US
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3D Echo RV Measurements Validated by 3-T MRI October 23, 2007:1668–76ere then calculated. The RV volumes and EF measures
btained with US and MRI were compared with each other
ith the Bland-Altman method. Measurement error and
ercentage measurement error were determined. A Bland-
ltman comparison was also made between the results of
D US and phase-encoded velocity MRI as well as between
D US and the standard Simpson summation MRI method
or validation purposes.
Interobserver agreement was measured, correlating the
esults of 2 different researchers for both MRI and 3D US
olumes and EF for this novel, anatomically correct RV 3D
nalysis method, phase-encoded velocity MRI, and the
tandard Simpson RV summation method.
esults
here was no preselection of cases on the basis of
-dimensional (2D) image quality; even patients with
ifficult or suboptimal 2D studies were accepted for 3D
maging and analysis. All MRI data reviewed were
cquired in multiplanar ECG gated views as a gold
tandard to cover the entire RV, showing consistent
eproducibility of RV EDV, ESV, SV, and EF data.
Of the 30 studies performed with US and with MRI,
ll images could be quantitatively analyzed. All images
ere acquired in a timely fashion with only 20 to 30 min
etween MRI and US. Reconstructed MRI and echo
mages were acquired in an image sequence to obtain
tandardized compatible measures. The US images were
cquired in a standardized sequence of images. There
as a learning curve for post-acquisition data manipula-
ion, and considerably more time was spent in the volume
nalysis early in the study period (40 vs. 10 min later),
hich was attributable to familiarization with software
nd spatial orientation in 3D echo. All 3D US data and
RI data were analyzed independently from each other.
Visible endocardial boarder definition was essential for
he semiautomated boarder detection algorithm to aid RV
Figure 3 Workflow for Magnetic Resonance and 3D Echocardio
Comparison of magnetic resonance imaging (MRI) (left) and 3-dimensional (3D) ul
right ventricular reconstruction (right). The MRI and 3D US analysis are both showolume calculation. Difficult-to-visualize RV endocardial
oarders were not included, because of poor imaging win-
ows. No intravenous contrast was administered.
Regardless of RV shape or size, visualization of the
ricuspid valve area, RVOT, and apex were feasible in all
atients. Thirty subjects were analyzed, 16 children with
HD (postoperative tetralogy of Fallot, postoperative
ransposition of the great arteries, patent ductus arteriosus,
SD, ASD), ages 6 weeks to 14 years, and 14 adults ages 18
o 69 years with normal cardiac physiology or coronary heart
isease. The RV EDV and ESV volume, SV, and EF were
btained from each adequate image set. The RV myocardial
olume was compared between MRI and US in each
atient. The RV free wall, tricuspid valve, RVOT, and apex
ould be visualized well with both methods, although there
as some variability in image quality (Fig. 3).
There was a slight higher variability measuring RVEF
nd volumes obtained by 3D. The RVEF was measured
etween 26% and 55% (mean 44  7%) with 3D US and
7% to 55% (44  8%) with MRI. There was a linear
orrelation between all RV volumes measured with MRI
nd with 3D US, the correlation coefficient for EDV was
.99, for ESV 0.98, for SV 0.95, and for RVEF 0.97,
espectively. The Bland-Altman method showed only a
inimal overestimation of EF by US (Table 2).
The MRI measured EDV, at 70.06  14.8 ml, whereas
SV was measured at 39.17  10.27 ml. The 3D US
easured EDV at 70.97  15.06 ml; ESV was 39.88 
0.47 ml. Although the RVEF values showed some greater
ariability with US than with MRI, all volumes measured
ere closely correlated.
The SV measured from RV volumes was 30.73  8.04 ml
ith MRI and 31.8  8.56 ml with 3D US. The Bland-
ltman method comparing MRI and 3D US acquired SV
ith phase encoded values showed a close relationship (r 
.96). These findings are consistent with a close relation
etween all MRI and 3D US data measured in both groups the
hy Images
nd (US) (right) tracing of the same patient with 4-dimensional
e work flow for manual correction after contour detection.grap
trasou
n in th
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EDV  end-diastolic volume; EF  ejection fraction; ESV  end-systolic volume; SV  stroke
volume; other abbreviations as in Table 1.
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October 23, 2007:1668–76 3D Echo RV Measurements Validated by 3-T MRIdult and pediatric population in regard to SV, EF, and RV
DV and ESV (Fig. 4).
The inter-individual variation seen in SV, EDV, and
SV can be related to the patient’s age and size variation,
ecause this study includes children as well as an adult
opulation. Subdividing these groups into adults (n 
4) and children (n  16): EDV measured with 3D US
anged from 103.2 to 71.3 ml and with MRI from 105.4
o 74.3 ml in the adults; in children, EDV with 3D US
anged from 67.4 to 43.1 ml and with MRI from 68.3 to
4.2 ml. The ESV measured with 3D US ranged from
Echo and MRI in All Subjects
MRI method, regression analysis, and correlation coefficient in all 30 subjects
and RV ejection fraction. Other abbreviations as in Figure 3.Figure 4 Regression Analysis and Agreement for RV Volumes by 3D
Graphs show regression relationships and Bland-Altman plot comparisons of the 3D US and
for the right ventricular (RV) end-diastolic volume, RV end-systolic volume, RV stroke volume,omparison of RV EDV, ESV,V, and EF Between 3D US and MRI
Table 2 Comparison of RV EDV, ESV,SV, and EF Between 3D US and MRI
3D US MRI
EDV (ml) 70.97 15.06 70.97 14.80
ESV (ml) 39.88 10.46 39.17 10.27
SV (ml) 31.08 8.57 30.73 8.04
EF 44 7% 44 8%
ll data are expressed as mean  SD.
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3D Echo RV Measurements Validated by 3-T MRI October 23, 2007:1668–762.1 to 35.6 ml in the adults and from 43.2 to 24.6 ml in
he children. The ESV measured with MRI ranged from
8.3 to 42.6 ml in the adults and from 44.8 to 20.4 ml in
hildren (Fig. 5).
Phase-encoded MRI velocities of pulmonary artery for-
ard flow obtained in 17 patients were used as an additional
tandard for SV comparison to validate the results obtained
y 3D US and the 4D RV TomTec reconstruction method.
lthough results for RV SVs still showed a close correlation
or all 17 patients (r  0.96), 4D RV mean ultrasound
econstruction SV was 35.7  6.1 ml, whereas phase-
Figure 5 Agreement Statistics for the Separate Groups, Norma
Coronary Artery Disease Adults, and Children With Co
Graphs show Bland-Altman plots for both subgroups the Adult Coronary Artery Dise
ventricular (RV) end-diastolic volume (EDV), right ventricular end-systolic volume (E
obtained with MRI and 3D US. Abbreviations as in Figure 3.ncoded cine velocities SV of pulmonary artery flow were
easured slightly higher at 36.9  7.6 ml (Fig. 6).
Although the RVEF showed some greater variability, all
olumes measured were closely correlated and reproducible.
Further reference values were obtained in all patients for RV
DV and ESV volumes, RV SV, and RVEF with conven-
ional Philips MRI analysis software and the Simpson’s sum-
ation method. We measured the RV volume in each short-
xis slice by manually outlining endocardial boarders. Volumes
ere then calculated by summing the areas for each slice,
ultiplied by slice thickness. Results showed a close correlation
ital Heart Disease
ormal group and the Children Congenital Heart Disease group, comparing right
ht ventricular stroke volume (SV), and right ventricular ejection fraction (EF)l or
ngen
ase/N
SV), rig
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October 23, 2007:1668–76 3D Echo RV Measurements Validated by 3-T MRIor MRI Simpson’s rule RV EDV and ESV as well as for
VEF and SV in comparison with values obtained by 3D US.
he EDV was r  0.93; ESV, r  0.92; SV, r  0.76; but it
as worse for RVEF, r  0.68 (Fig. 7).
iscussion
he conventional Simpson’s method for volume estimation
ssumes a prolate ellipsoid shape of the ventricle and has
estrictions similar to the M-mode volume area-length
ethod. These mathematical models, although applicable for
Figure 6 Bland-Altman Agreement for Stroke Volume
Graphs show a Bland-Altman comparison and correlation between MRI RV SV data
analysis and 3D US RV SV values from end-diastolic minus end-systolic computed
Figure 7 Bland-Altman Agreement Between Multiplanar 3D Ech
Graphs show a Bland-Altman comparison with correlation coefficients between MR
Simpson summation method and 3D US RV EDV, ESV, SV, and EF data obtained bhe left ventricle, are not correct for the RV, which cannot be
ssumed to be a prolate ellipsoid form but rather represents a
orm with irregular and variable shape (10,11).
A study comparing 2D and 3D US found that 2D
ignificantly overestimated right heart volume assessments
ompared with 3D by a factor of 45% and showed a greater
eproducibility of 3D (13). The MRI is the gold standard
or RV size and especially in CHD patients (14–16).
uantitative 3D echo has been applied for ventricular
olume and function assessment in children and adults
ed by phase-encoded velocity
lume. Abbreviations as in Figures 3 and 5.
lumes and Simpson’s Rule MRI Data
DV, ESV, SV, and EF data obtained by the standard
novel RV analysis method. Abbreviations as in Figures 3 and 5.obtain
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3D Echo RV Measurements Validated by 3-T MRI October 23, 2007:1668–7617,18); however, no studies have been published comparing
D US and MRI with measurement tools specifically
ailored for the RV. The RVEF measurements in the mid
0% range with both 3D US and MRI are probably
ttributable to intrinsic disease processes of the RV rather
han to the method itself and were clinically supported in 6
ubjects.
A close correlation was found between values obtained
ith 4D RV reconstruction and phase-encoded cine velocity
easures of forward pulmonary artery flow. Phase encoded
elocities were slightly higher, because early diastolic back-
ow was reversed in the area between the sampling plane
nd the pulmonary valve was not subtracted.
To our knowledge this is the first study comparing RV
olumes, shape, SV, and EF with a 4D semiautomated
ontour detection program written specifically for the RV.
ur results indicate that 3D/4D echo is reproducible and
ccurate in measuring RV volumes in healthy adult subjects.
urthermore, we have demonstrated that, 3D/4D echo is
apable of also measuring RV volumes, SV, and EF accu-
ately in patients with CHD and complex anatomy and is
eproducible.
Although we believe that the anatomical approach we
ook for 3D echo and multislice MRI works best, we also
ompared our 3D echo results with standard 5 to 6 plane
impson’s rule, considered by some to be the “gold stan-
ard.” We believe the lower correlation for EF and SV to
impson’s rule for 3D echo relates to variable inclusion/
xclusion of parts of the RVOT and poor anatomic delin-
ation of these structures on transverse only views.
Both intraobserver variability and interobserver variability
3% and 10%, respectively) are reassuring for system
ccuracy. Volumetric assessments on 3D data can be done
airly rapidly and accurately. A fairly rapid learning curve of
he operator was seen affecting accuracy and time. The
endency for some overestimation in the 3D US study group
ikely indicates an inherent difficulty in excluding trabecu-
ations and the RV moderator band precisely; however, this
nly resulted in minor variation that was not statistically
ignificant. Furthermore, 3D US is a 3D volume acquisition
ethod, whereas MRI is a high-resolution 2D summation
ethod. Most patients evaluated were children with CHD
r adults with normal physiology or coronary heart disease.
atients with very difficult anatomical windows or pulmo-
ary hypertension were excluded in this study to obtain
eproducibly compatible results.
onclusions
ive 3D US is a robust, accurate, and reproducible modality
or RV volume and function measurements. Reference
alues could be obtained for RV volumes and function in
hildren and adults with CHD and normal anatomy,
omparing 3D US and MRI, with good correlation between
oth methods. Also a robust multiplanar MRI protocol was
sed to validate RV SVs obtained by 4D RV reconstructionf 3D echo versus phase-encoded MRI velocity–based
ulmonary artery flow–derived RV SV values.
The method we used should be helpful for RV functional
tudies both for MRI and 3D echo.
eprint requests and correspondence: Dr. David J. Sahn, L608,
ediatric Cardiology, Oregon Health & Science University, 3181
W Sam Jackson Park Road, Portland, Oregon 97239-3098.
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